Auger Recombination in Quantum-Well InGaAsP Heterostructure Lasers
Abstract-Interband nonradiative Auger recombination in quantumwell InGaAsP/InP heterostructure lasers has been calculated. It is found that the Auger rate is much reduced in the quasi two-dimensional quantum-well lasers. This suggests that the temperature sensitivity of quantum-well InGaAsP lasers is much less than ordinary structures with much higher values of To at around room temperatures.
A CONTINUING problem with lasers and light emitting diodes (LED) based on the quaternary compound In,-,Ca,AsyP1-y lattice matched to InP is their temperature sensitivity. In LED's, the optical output power saturates at high current densities and, in lasers, the threshold current increases rapidly with temperatures above 220-250 K.
In the case of lasers, the threshold current has been found empirically to vary with temperature T as Ith -exp (T/To). In this paper, only the CHCC (see Fig. 1 ) process will be considered. The rate of Auger transition can be written as [lo] 
(1)
In the above, the f ' s are the Fermi factors, Ef,i are the final and initial energies of the particles, respectively, e is the electronic charge, V is the volume, LD is the screening length, and 2 < 2p < 3 due to spin symmetry. The overlap integrals lFlF2 l2 are given by [ 1 I ] where me is the electron mass, Eg is the bandgap energy, and f c u is the oscillator strength. The screening length is calculated from [12] where e, is the relative dielectric constant, E, is the permittivity of free space, kB is the Boltzmann constant, and Tis the temperature.
Equation ( 1 ) has been modified [see (5)) to calculate the rate of Auger recombination in a quantum-well structure. It is well known that when the active layer thickness L , of a semiconductor laser is of the order of the carrier de Broglie wavelength, quantum size effects arise [ 131. The nonradiative band-to-band Auger process then changes in a fundamental 0018-9197/82/1000-1406$00.75 0 1982 IEEE way. For a quasi two-dimensional layer, it is usually assumed that the single-particle Hamiltonian can be separated into a quantized component normal to the layer and continuous components in the plane of the layer [14] . In such a case, the energy spectrum is given by [ 151 where n denotes the nth quantized state of k,, m" is the effective mass of electrons or holes, and k x , k,, are the continuous components of the crystal momentum. We recognize that the actual band structure of quantum-well structures has not been established and the parabolic band approximation is employed here. However, in the case of the CHCC process, taking nonparabolicity into account would lead to slower Auger rate [I61 and thus, even longer lifetime. Also, possible anisotropy in the effective masses has been neglected, and the effective masses of the electrons and holes in the direction perpendicular and parallel to the plane of the layer have been taken to be the same. This would not affect the transition rate significantly unless the anisotropy factor is bigger than -1.5. The Auger rate for such quasi two-dimensional systems becomes
where S denotes summing over discrete states and integrating over continuous states.
In this work, all the calculations have been performed for Ino.72Ga,,28Aso.60Po.~o for which the emission wavelength is about 1.3 pm. To find the confined quantized states, the discontinuities are taken to be -0.31 and -0.15 eV in the conduction and valence bands, respectively [ 171. The quantumwell is assumed to be a finite square well and the summation is extended only over the confined states in (5). The small Fermi factors at the top of the well (-10-5-10-6) justify this approximation. The rate is then calculated numerically and the Auger lifetime is obtained from the expression where An is the injected carrier density at threshold. It is assumed here that the injection level is high, so that An G n t h , an assumption which is excellent in the case of injection lasers.
The results of the calculation are presented in Figs. 2-4. In Fig. 2 , l/rA is plotted against the electron density at a temperature of 300 K and for a quantum-well with width 100 8. The slope of 2.45 (?2) is typical of the nonradiative process in degenerate materials [ 6 ] . In Fig. 3 , the nonradiative Auger lifetimes of the quantum-well and ordinary laser structures are compared under the same injection conditions and temperatures. A well with width 100 has also been assumed for the quantum-well laser. It shows that the Auger lifetime is about two orders of magnitui-le longer in the quasi two-dimensional system. In Fig. 4 the lifetime versus width of well at a temperature of 300 K is plotted. It can be seen that the lifetime decreases rapidly with increasing well width. This is expected since the number of confined states increases and the energy separation between states decreases when the width of the well increases. Moreover, the quantum size effect would have to disappear gradually as the width increases.
The dramatic increase in lifetime in a quasi two-dimensional system as compared to the three-dimensional system is due to the nature of the difference in the density of states, and, more importantly, the decrease in the number of configurations that can satisfy the requirement of both momentum and energy conservation simultaneously. Although the calculation is carried out for a single quantum-well only, the energy band within the well for a multiple quantum-well as well as superlattice structure can be shown to be very narrow [18] , [19] and the results given here will approximately be valid in these cases too. The threshold current density can be written as for ordinary lasers and single quantum-well lasers, and n t h eNd
for multiple quantum-well lasers [ 151. In the above equations, e is the electronic charge, d is the active layer thickness, nth is the injected carrier density at threshold, N is the number of quantum wells, and T is the carrier lifetime. In lasers, it is the existence of competitive nonradiative processes which shorten the carrier lifetime [5]- [7] . From ( 7 ) and (8), it is obvious that a decrease in T causes a corresponding increase in the threshold at the same nth. Although the nonradiative Auger lifetime is longer in the quantum-we11 lasers, it is the relative magnitude between the radiative and nonradiative lifetimes that is important.
In quantum-well lasers, it can be shown that the ratio of the radiative lifetime in a three-dimensional structure and a quasi two-dimensional system under the constant matrix element assumption can be written as (neglecting light and split-off hole bands) where m, is the reduced mass of the electron and hole, L , is the width of the well, w is the frequency of light, E, is the bandgap energy, and n is the number of pairs of levels where optical transition can take place. Taking n = 1, it can easily be verified that the ratio is less than one for (4w -E,)'/2 < 0.275. Since under ordinary laser operation (Am -E,)'/' << 0.275, the radiative lifetime in a quantum-we11 laser is even shorter than in a conventional laser. This can be verified in the GaAs-GaAlAs system from the data in 181. Thus, the radiative lifetime at threshold for quantum-well lasers remains in the nano or subnanosecond regime. For a single quantum-well laser, despite the higher gain [see (9)], the carrier density at threshold is about 1.3 times that of a conventional laser due to the small optical confinement factor. However, it can be seen from Fig. 2 that even at densities of several times that of ordinary lasers, the Auger lifetime is still much longer than the radiative lifetime. Thus, in the quantum-well lasers, the nonradiative Auger processes are no longer competitive with the radiative process. Therefore, it is predicted that such lasers will not have a low temperature break-point above which the To decreases considerably. If such behavior can be confirmed by experimental observation, the case for the importance of Auger recombination in ordinary InCaAsP lasers will also be strengthened.
In conclusion, the nonradiative Auger lifetimes in a quantumwell InGaAsP laser have been calculated and found to be much longer than the radiative lifetime. It is thus predicted that the quantum-well laser will not be characterized by a low To and, as a result, will not be as temperature sensitive as the ordinary lasers. In ordinary lasers, the rate constant for Auger recombination is material dependent and, at a given temperature, is fixed 1201. Thus, it is difficult to obtain lasers with high To's. However, the results of this work suggest that InGaAsP lasers with high To's could be obtained by employing the single or multiple quantum-well structures.
